Despite that resistance frequency is assumed to decline when selective pressure is relaxed, the stability of resistance frequency has been observed in some insects in the absence of insecticide. In the red flour beetle, Tribolium castaneum, the first case of malathion-resistance was reported in the early 1960s. The malathion-specific resistant phenotype has now almost completely replaced the susceptible one in red flour beetle populations. In the present study, several life-history traits that could influence the fitness of the insects were compared between insecticide-susceptible and malathion-specific resistant populations of the red flour beetle. On average, egg fertility and egg-to-adult develop-
Introduction
The extensive use of insecticide to control insect pests has provided a dramatic illustration of evolution in natural populations. Once insecticide resistance has been selected in a population, different factors will influence the speed at which the frequency of resistance allele(s) will change. Ecology and life histories may dramatically alter the responsiveness to the selection that leads to insecticide resistance (Georghiou and Taylor, 1986) . It is not surprising that resistant and susceptible strains differ in properties other than their adaptation to insecticides, such as development time, fecundity and fertility. Since resistant individuals were not common prior to selection, it is generally assumed that resistant genotypes must have a reproductive disadvantage in the absence of pesticides. Thus, when selective pressure is relaxed, there may be intense selection against alleles conferring insecticide resistance, and these alleles will decline in frequency (Crow, 1957; Carrière et al, 1994; Carrière and Roff, 1995; McKenzie, 1996) . Although the majority of fitness studies show this pattern, in some cases, there is no fitness difference in the absence of treatment between resistant and susceptible strains, and the resistant strains sometimes have a fitness advantage. This absence of a trade-off between fitness and insecticide resistance could result from the absence of pleiotropic costs of the alleles ment time did not differ between susceptible and resistant populations. However, the fecundity of resistant females was greater than that of susceptible ones. Generally, differences in development time between insecticide resistant and susceptible populations are considered as having more effect on fitness than do differences in fecundity. However, the observed increased female fecundity may participate, in combination with the previously observed increased male reproductive success, to the development and the stability of malathion-specific resistance in T. castaneum. Heredity (2002) 89, 425-429. doi:10.1038/sj.hdy.6800167 involved in resistance, from the selection of modifiers that ameliorate the fitness of resistant genotypes in the absence of insecticide (see McKenzie, 1996 , and references therein), or from the replacement of the resistance alleles by less costly resistance alleles (Guillemaud et al, 1998; Raymond et al, 2001) .
As a consequence of the intensive use of malathion in grain storage since the late 1950s, the first case of malathion-resistance in Tribolium castaneum (Herbst) (Coleoptera, Tenebrionidae) was reported in 1961 (Parkin et al, 1962) . By 1974, this phenomenon was regarded as a common attribute of the species (Champ and Dyte, 1976) . Although malathion usage has declined or has even been abandoned in some countries in the early seventies, because of the widespread occurrence of malathion-specific resistance in red flour beetle populations (Champ, 1984) , this resistance mechanism is very stable in T. castaneum wild populations. Moreover, the malathion-resistant phenotype has almost completely replaced the susceptible one (Georghiou and Lagunes-Tejeda, 1991; Subramanyam and Hagstrum, 1996 for reviews). However, malathion is still widely used to control stored product insects (White and Leesch, 1996) .
In T. castaneum, no trade-off has been reported between malathion-specific resistance and the fitness of the insects (Beeman and Nanis, 1986; Haubruge and Arnaud, 2001 ). In addition, it is likely that the genetic background of the insects does not influence their fitness (Haubruge and Arnaud, 2001) . Both of these observations may explain the widespread occurrence of malathion-specific resistance in this species. The world-wide migration of stored product insects through the food and cereal trade may have favoured the development of malathion-specific resistance in susceptible populations, resulting in an inability to control these populations with malathion.
Despite the effect of malathion-specific resistance on fitness of the red flour beetle being studied by different authors (Beeman and Nanis, 1986; White and Bell, 1988; Haubruge and Arnaud, 2001) , none has focussed on the biological parameters giving a reproductive advantage to the resistant individuals. Also, most of these studies were conducted on a few susceptible and resistant strains.
In this study, we examined several life-history traits that could influence the fitness of the insects. Egg fertility, female fecundity and egg-to-adult development time were compared between several insecticide-susceptible and malathion-specific resistant populations of the red flour beetle that originated from different geographic areas.
Materials and methods

Tribolium populations
Twelve red flour beetle strains were used in this study ( Table 1 ). The insects were reared on whole wheat flour enriched with brewer's yeast (10:1-wt:wt) and kept in the dark at 30 ± 3°C and 60 ± 5% relative humidity (r.h.). These strains have been cultured without pesticide exposure for several years.
Malathion susceptibility and characterisation of the resistance
The following bio-assay was conducted to discriminate between malathion-specific resistance and malathion non-specific resistance. A dose of insecticide that would kill all individuals of a susceptible population was used as the discriminating dose. We used a 1% (wt:vol) malathion solution as discriminating dose. Following a 24-h starvation period, 50 adults were placed in contact with treated papers (350 l per filter paper, л 55 mm) in a Petri dish. For every strain, the number of dead beetles was scored after 5 h and compared to the mortality of the control strain (Asm, 100% mortality - Haubruge et al, 1997) . A synergist was used with strains in which resistant individuals were detected. Papers impregnated with the synergist solution in acetone (10%, wt:vol) were placed in a Petri dish with 50 adult beetles for 24 hours. The synergist was triphenyl phosphate (TPP -Ͼ99% purity, Merck-Schuchardt, Mü nchen, Germany), a carboxylesterase inhibitor (Dyte and Rowlands, 1968) . Papers impregnated with TPP were then replaced by filter papers treated with the acetonic solution of malathion at the discriminating dose. After 5 h, adult mortality was scored. Two replications were performed for every bioassay.
Life history traits: fertility, fecundity and development time
Egg fertility: The fertility of eggs laid by females was estimated for the different strains. One hundred adults were placed for 24 h in a 150 mm petri dish with rearing medium sieved at 0.2 mm. The eggs laid during that period were removed from the medium. Ninety-six eggs were randomly selected and placed individually in a 96-well microlitre plate. After 6 days, the number of hatched egg was scored. This experiment was replicated two times.
Fecundity: Beetles of every T. castaneum strain were sexed as pupae and maintained by sex in a 55 mm Petri dish with 5 g of the rearing medium. After 20 days, 30 males marked with a black pencil and 30 females were placed together in a 90 mm Petri dish with 20 g of rearing medium for 4 days. The males were then removed and the females remained in the dish for 5 more days. Afterwards, females were placed individually in a 55 mm Petri dish with 5 g of the rearing medium sieved at 0.2 mm. After 2 days, the number of eggs laid by the female was recorded. Females were placed in a new dish for a second 2-day period. The numbers of eggs laid during the two egg laying periods were pooled prior to statistical analysis.
Development time: One hundred adults were placed for 24 h in a 150 mm Petri dish with rearing medium sieved at 0.2 mm. One hundred eggs laid during that period were placed at 30 ± 3°C and 60 ± 5% r.h. in a 55 mm Petri dish with 20 g of rearing medium. Three weeks later, emerging adults were scored at least once every day and mean developmental time of each of the populations was calculated. The experiment was replicated three times.
Statistical analysis
The data were statistically analysed with Minitab (version 12.2 for Windows -Minitab, 1998) and SAS (version 8.01 for windows -SAS, 1999). Although we present untransformed for clarity (mean ± standard error), the egg fertility data were arcsin-transformed prior to the analysis (Y = 2 × arcsin (X) 1/2 ).
Results
Malathion susceptibility and characterisation of the resistance The malathion susceptibility of the different flour beetle populations, and the characterisation of the resistance mechanism involved in the resistant populations are presented in Table 2 . We observed that the mechanism of resistance was malathion-specific in every resistant strain. All the malathion-resistant beetles tested died a At the discriminating dose of malathion (1%) after 5 h-exposure.
when they had previously been in contact with TPP. These populations were thus retained for the comparison of life history traits between susceptible and resistant populations.
Life history traits
The observations for egg fertility, female fecundity and egg-to-adult development time are shown in Table 3 . There was a significant difference within the resistant/susceptible groups between the different populations for the three parameters examined: fertility (twoway nested anova, F 10,12 = 3.16, P = 0.031), female fecundity (two-way nested anova, F 10,348 = 13.29, P Ͻ 0.001) and development time (three-way unbalanced nested anova, F 10,24 = 19.15, P Ͻ 0.001). Despite fertility was different between the strains, only one group was underscored with the Newman and Keuls' test (d.f. = 12, mean s.e. = 0.014, Table 3 ). Also, on average, egg fertility did 1: mean percentage of larval emergence ± s.e., 2: mean ± s.e., 3: number of eggs laid during 4 days (two periods of 2 days), 4: in days, (number of adults observed). In the same column, data followed by a different letter a significantly different (Newman and Keuls multiple comparison test, P Ͻ 0.05).
Heredity not differ between resistant and susceptible populations (two-way nested anova, F 1,12 = 0.86, P = 0.375). The multiple range test (Newman and Keuls, d.f. = 24, mean s.e. = 15.5) detected six overlapping groups for development time ( Table 2 ). The Ex-Maff (malathion susceptible) and Paulo d'Amico (malathion resistant) populations were the only populations belonging to only one group and possessed respectively the smallest and the longest development time. Resistant and susceptible populations were observed in the intermediary groups. Despite these differences, on average, resistant and susceptible individuals were found to possess similar development time (three-way unbalanced nested anova, F 1,10 = 0.73, P = 0.412). Five groups were observed for female fecundity (Newman and Keuls' test, d.f. = 347, mean s.e. = 131.0, Table 2 ). Two of them overlapped. Females of the susceptible populations Ex-Maff and Mozambique were the less fecund. The most fecund females were found in the resistant population Kano. On average, resistant females were significantly more fecund than susceptible ones (two-way nested anova, F 1,348 = 15.72, P = 0.003).
Discussion
Malathion-resistant strains of stored-product insects often show reduced fitness compared to susceptible ones in the absence of selective pressure (Halliday, 1990; White and Bell, 1990; Mason, 1998) . However, no negative effect on fitness resulting from the resistant allele(s) was observed in some stored product beetle populations (Beeman and Nanis, 1986; Haubruge and Arnaud, 2001 ). Similar trends have been observed in malathion-specific resistant strains of Anisopteromalus calandrae and Bracon hebetor, two parasitoid wasps commonly found in the ecosystem of stored-products (Baker, 1995; Baker et al, 1998) . In this study, examining several biological parameters of four susceptible and eight malathion-resistant populations originating from different geographic areas, we did not observe any significant difference in egg fertility between the resistant and the susceptible populations.
Resistant adults did develop more slowly than susceptible ones, but the difference was weak and not significant. In addition, on average, resistant females were 1.8 times more fecund than susceptible ones. Differences in development time between insecticide resistant and susceptible populations are generally considered as having more effect on the reproductive potential of the individuals than differences in fecundity (Roush and Plapp, 1982; Roush and Croft, 1986) . However, in some circumstances more fecund individuals may be favoured by natural selection (Lloyd, 1979) . Thus, the development and stability of malathion-specific resistance in T. castaneum may have been favoured by increased fecundity of resistant females. A similar trend, ie increased female fecundity and resistance stability, was observed in malathion-resistant house flies, Musca domestica (Keiding, 1967) and organophosphate-resistant Myzus persicae (Williams et al, 1998) .
It was previously observed that malathion-specific resistant male T. castaneum have a better reproductive success than susceptible ones when placed in competition for susceptible female fertilisation. This phenomenon was explained by pre-or post-copulatory female choice for these males, or by a higher ability of these males at mating or in sperm competition (Arnaud and Haubruge, Evolution -accepted for publication). The present data suggest that it is not only the resistant males that have a reproductive advantage. Resistant females, by laying more eggs than susceptible ones, increase the fitness of resistant populations. The higher female fecundity, in combination with better male reproductive success, may have participated in the development and the stability of malathion-specific resistance in this species.
The stability of insecticide resistance was found to be the result of subsequent modification of the insect genome (Roush and McKenzie, 1987; McKenzie, 1996; Guillemaud et al, 1998; Raymond et al, 2001 ). In the sheep blowfly, Lucilia cuprina, there is a fitness cost associated with an allele coding for resistance to diazinon. But, following the intensive use of diazinon, a modifier gene has been selected in the field which completely suppresses this cost. As a result, resistant insects carrying the modifier gene are equally fit as the susceptible insects (see McKenzie, 1996 for a review of the phenomenon). The genes involved in the resistance of the mosquito Culex pipiens to organophosphate insecticides are costly in fitness terms. However, at one resistance locus, a reduction of cost, driven by allele replacement and not by selection of modifiers has been observed (Guillemaud et al, 1998; Raymond et al, 2001) . If such modifier genes or allele replacement occurred in T. castaneum malathion-specific resistance, due to the intensive selective pressure with malathion, the increased fecundity of resistance insects may be explained as a pleiotropic effect of the modifier gene or the less costly resistance allele; giving them a reproductive advantage compared to susceptibles.
World trade of cereal products implies the dispersal of pests from different geographic areas (Freeman, 1967) and therefore of different selective life histories, genetic background and insecticide resistance status. This may result in the introduction of resistant insects in silos already contaminated by susceptible insects (Dyte, 1979) . T. castaneum is distributed world-wide and is the most common stored product beetle occurring in grain stores and flour mills (Sokoloff, 1974) . The likelihood of populations originating from different geographic areas mixing together is therefore high. As malathion-specific resistance is inherited as a co-dominant trait (Haubruge and Arnaud, 2001 ), heterozygous and homozygous resistant insects are thus resistant to malathion. Moreover, heterozygous insects are fitter than the homozygous ones (White and Bell, 1988; Haubruge and Arnaud, 2001 ). Both factors may increase the speed at which malathionspecific resistance develops once resistant insects migrate in a susceptible population.
